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SUMMARY

Advancing the use of human stem cell-based models on preclinical
and regulatory testing fields requires the performance of rigorous
and reproducible research. Quality standards and reporting best
practices should be promoted to ensure the reliability and translat-
ability of stem cell models and results. Strategies to increase aware-
ness and implementation of best practices and standards will
require training initiatives and collaboration across relevant stake-
holders. Overall, improving the quality and reproducibility of stem
cell-based models and methods through best practices and stan-
dards will accelerate their adoption in industrial and regulatory
contexts and ultimately drive the development of effective thera-
pies and safer chemicals.

INTRODUCTION

Human stem cell-based models are emerging as promising
tools that could revolutionize drug discovery and safety
assessment. They offer a powerful platform to increase
the human relevance of efficacy and safety assessments
in the development of pharmaceuticals, novel food and
feed products, agrochemicals, cosmetics, and consumer
goods (Suter-Dick et al., 2015; Blum et al., 2023). Tradi-
tionally, these industries have heavily relied on animal
models, as reflected in most international guidelines for
regulatory risk assessment, e.g., International Council
for Harmonisation (ICH) S1B(R1) for carcinogenicity of
pharmaceuticals (ICH, 2023), and Organization for Eco-
nomic Cooperation and Development (OECD) Test guide-

line 415 for one-generation reproductive toxicity testing
(OECD, 1983). However, due to ethical concerns, high
costs, limited translatability of preclinical studies to hu-
mans, as well as societal and governmental pressure, there
is growing interest in developing and implementing alter-
natives to animal experiments (European Parliament,
2021; European Citizens Initiative, 2023; European
Commission, 2023).

Pharmaceutical companies are increasingly using new
human in vitro models in their internal decision-making
processes, and regulatory authorities are becoming more
open to these alternative models. This shift is exemplified
by the recent passage of the Food and Drug Administra-
tion Modernization Act 2.0 in the US (Pognan et al.,
2023; Stresser et al., 2023). Additionally, international or-
ganizations such as the ICH and the OECD have launched
initiatives to modernize their testing strategies, expand-
ing the possibility of incorporating emerging human
in vitro models. For example, the ICH S5 (R3) Guideline
on detection of reproductive and developmental toxicity
for human pharmaceuticals has been reviewed, and its up-
dated version includes an annex with indications for the
qualification of alternative assays for prediction of malfor-
mation or embryo-fetal lethality (ICH, 2020). Similarly,
the OECD has published the Initial Recommendations
on Evaluation of Data from the Developmental Neurotox-
icity In Vitro Testing Battery, which summarizes the
ongoing international efforts to move away from in vivo
testing for identifying developmental neurotoxic chemi-
cals (OECD, 2023).
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Human induced pluripotent stem cells (hiPSCs) offer a
highly valuable cellular source for generating physiologi-
cally relevant human models for both basic research and
applied fields like toxicology and pharmacology (Shi
etal., 2017). Thanks to the development of reprogramming
protocols, adult somatic cells can regain pluripotency and
turn into hiPSCs, providing a virtually unlimited source
of any human differentiated cell type in the laboratory
(Takahashi et al., 2007). In addition, the derivation of
hiPSCs from somatic cells, rather than embryos, circum-
vents ethical concerns associated with the use of human
embryonic stem cells (hESCs) and allows the generation
of starting material from both healthy donors and patients,
facilitating the development of novel in vitro disease
models.

Despite the promise of hiPSC-based models, significant
concerns remain regarding the rigor and reproducibility
of biological research based on cell cultures. The Reproduc-
ibility Project: Cancer Biology underscored this issue, as re-
searchers were only able to replicate the methodology of 50
out of the 193 planned experiments, 35 of which were
in vitro studies (Errington et al., 2021). Numerous factors
can contribute to reproducibility problems, including er-
rors in study design, selective reporting practices, misiden-
tification and contamination of research materials (e.g.,
cells, antibodies, and nucleic acid sequences), cellular
decay over passages, and biological variability.

Biological variability in hiPSC-derived models has been
linked to factors such as cell line selection, genetic back-
ground, genomic instability, differentiation protocols,
and inaccurate standard operating procedures (SOPs)
(Anderson et al.,, 2021). Multi-site studies have further
demonstrated that, even when these factors are controlled,
variability remains high and is related to local laboratory
practices (Volpato et al., 2018).

The financial impact of irreproducibility in preclinical
research alone was estimated as $28 billion annually
(Freedman et al., 2015a), and even larger sums have been
attributed to the use of unauthenticated cell lines (Harbut
et al., 2024). While there is no single solution, it is essential
to address these issues at early research stages as irreproduc-
ibility has multiple negative consequences, including erro-
neous data in the literature that can confuse and hinder sci-
entific progress, waste resources, and erode public trust in
scientific research.

Here, we explore the critical role of standardization in
addressing reproducibility and advancing the field of hu-
man stem cell research. We provide an overview of current
best practices and standards for cell culture methods and
highlight strategies to promote their implementation
early in stem cell research. By advocating for their imple-
mentation, we can significantly enhance the reproduc-
ibility and translational potential of human stem

2 Stem Cell Reports | Vol. 20 | 102531 | July 8, 2025

Stem Cell Reports

Perspective

cell-based models and facilitate their uptake in industrial
and regulatory sectors.

CURRENT BEST PRACTICES AND STANDARDS FOR
STEM CELL RESEARCH

One effective strategy to address reproducibility challenges
in stem cell research is the development and implementa-
tion of robust best practices and standards. Many advance-
ments would not have been possible without the adoption
of international standards. According to the International
Organization for Standardization (ISO), a standard is a
document, established by consensus and approved by a
recognized body, that provides guidelines, specifications,
or requirements to ensure that materials, products, pro-
cesses, and services are fit for their intended purpose and
consistently meet quality, safety, and efficiency criteria.
Standards are primarily developed with industry in mind,
as they aim to set consistent benchmarks for business
and consumers, allowing interoperability within and be-
tween sectors. For instance, in the early days of the
internet, organizations like World Wide Web Consortium
and the Internet Engineering Task Force successfully led
major global stakeholders toward adopting common stan-
dards for essential infrastructure components, resulting in
significant long-term benefits. This demonstrates the
importance of involving all relevant stakeholders in the
development and adoption of standards within life sci-
ences (GBSI, 2013). Regarding emerging technologies,
standards can help in advancing scientific research discov-
eries to commercial products and clinical applications.
Conformance to high-quality standards provides assurance
to stakeholders on the quality and performance of the
products, promoting their uptake by industrial end users
and their acceptance in regulatory contexts of use
(Piergiovanni et al., 2021).

Standards can be valuable for balancing the inherent bio-
logical variability of stem cells with the need for reproduc-
ible test results. Recently, several organizations have
contributed to the development of documents outlining
best practices and standards that are relevant to ensure
the reproducibility and quality of stem cell research.

ISO has published formal standards applicable to cell cul-
ture and some specific to human stem cells (Table S1). The
development of these standards is based on pre-normative
work that identifies and documents the best practices
agreed and shared between researchers. For example, ISO
24603:2022, which specifies the requirements for the bio-
banking of human and mouse pluripotent stem cells
including collection of biological material, establishment,
characterization, and quality control, is based on previous
work of the International Stem Cell Banking Initiative
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Table 1. Comparison of hPSC characterization requirements between IS0 standards and best practices

IS0 24603:2022 ISSCR Standards (2023)

Information of source cells (donor/patient)
Sex, age, ethnicity, health status, and tissue/cell type of origin
Cell line unique ID (hPSCreg)
Microbiological testing
Sterility testing (bacterial/fungus)
Mycoplasma testing
Infectious agents
Basic characterization
Cell line identification/authentication
Cell viability
Cell morphology
Reprogramming factor elimination
Pluripotency characterization
Undifferentiated state markers (0CT4, NANOG, etc.)
Pluripotency assessment
In vitro differentiation (germ layer derivatives)
Teratoma assay
Genomic characterization
Assessment of genetic stability (karyotype, SNPs, WGS, etc.)
Timing of characterizations

Establishment of Quality Control Acceptance Criteria

X X
X X
X X
X X
X X
X X
X X
x (ISO/TS 23511) X

x (IS0 23033:2021) -

X -

X X
X X
X X
X X
X X
X X
X X
X X

(ISCBI, 2009) (Table 1). When appropriate and required,
ISO expert working groups are formed, the community of
stakeholders is consulted, and an international standard
is developed and published to address specific technology
and sector needs.

Moreover, best practices for cellular research have been
developed to help the community incorporate them into
their routine processes. The Guidance Document on
Good Cell and Tissue Culture Practice (GCCP), published
by the European Commission Joint Research Centre
(JRC), aimed to establish principles for standardizing
and harmonizing cell and tissue culture laboratory prac-
tices internationally. The first version, published in 2005,
was updated in 2021 to incorporate advances in “omics”
technology, stem cell research, and cell and tissue culture
technologies (e.g., bioprinting, organ-on-chip) (Coecke
et al., 2005; Pamies, 2021). This guidance promotes
best practices in all aspects of cell and tissue use,
including characterization and maintenance of essential

properties, quality management, documentation and re-
porting, safety, education and training, and ethical
considerations.

On the other hand, the OECD’s Guidance Document on
Good In Vitro Method Practices (GIVIMP), published in
2018, focuses on the procedures related to the develop-
ment and implementation of cell- and tissue-based
in vitro methods for regulatory use in human safety assess-
ments (OECD, 2018). This document includes the GCCP
principles and expands on requirements for facilities, in-
struments, test substances, quality management, use of
SOPs, method performance criteria, data reporting, and
data storage. These practices should be applied to ensure
that the data generated with an in vitro method (e.g.,
stem cell-based method used to identify developmental
neurotoxicity (OECD, 2023)) are of high quality, especially
concerning reproducibility and accuracy, and can be used
for decision-making, whether it is part of industrial internal
evaluation or at regulatory level.
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Lastly, the International Society for Stem Cell Research
(ISSCR) Standards Initiative has recently published the
Standards for Human Stem Cell Use in Research (Ludwig
et al., 2023). Building upon the foundational work of the
International Stem Cell Forum (www.stemcellforum.org),
the International Stem Cell Initiative (The Steering
Committee of the International Stem Cell Initiative,
2005), and the ISCBI (ISCBI, 2009; Stacey and Healy,
2021), the ISSCR Standards outline a set of recommenda-
tions establishing minimum characterization and report-
ing criteria for working with human stem cells in basic
research. This document reflects the outcome of an inter-
national task force of scientists working toward a consensus
on best practices that are both financially feasible and tech-
nically achievable by any laboratory. This means that no
specific assays for characterization are recommended, but
rather the currently available and most common assays
are listed in the annexes (e.g., markers for monitoring dif-
ferentiation, methods for genetic assessment).

Overall, given that standards are based on community
best practices, there is broad overlap and many similarities
among some of the documents mentioned earlier. For
example, considering that both ISO 24603:2022 and the
ISSCR Standards for Human Stem Cell Use in Research
were developed building upon previous common recom-
mendations (ISCBI, 2009), the minimum requirements
for hPSC characterization are mostly shared. Differences
mainly rely on the inclusion of timings for the character-
izations in the ISSCR Standards document and the require-
ment for Quality Control Acceptance Criteria in the ISO
standard. Additionally, checking cell morphology and cell
viability are included in the basic characterization of the
ISO standard (Table 1). Therefore, promoting a broad adop-
tion of best practices such as the ISSCR Standards docu-
ment early in basic research laboratories will strengthen
the confidence in the reliability and quality of stem cell
research outcomes and can help to speed up the uptake
of reliable stem cell products in industrial and regulatory
settings (Figure 1).

STANDARDS IMPLEMENTATION: STATE OF PLAY

Standards and best practices documents represent valuable
tools for improving the rigor and reproducibility of stem
cell research. However, the extent to which they are adop-
ted by the relevant stakeholders remains uncertain, partic-
ularly since they were only recently published.

Adherence to ISO standards can impose a financial
burden, as it involves both the cost of acquiring the rele-
vant documents (which can range from EUR70 to
EUR16S in the case of ISO Biotechnology standards) and
the expense associated with implementing necessary
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changes. To demonstrate compliance to ISO standards, a
certification process is required, where an independent
body states that the product, service, or system is meeting
the specific ISO requirements. In certain industries, ISO cer-
tification can help to demonstrate compliance to necessary
regulatory requirements.

The adoption of quality and reporting standards has
demonstrated an impact on basic research at different
levels. In 2013, Nature Research journals implemented a
mandatory reporting checklist to address the issues in
the reliability and reproducibility of published research.
This measure was followed by a 2017 survey of authors,
who had published in Nature journals, which revealed
that the reporting checklist had a significant impact on
the reporting of statistics (Nature Editorial, 2018). In addi-
tion, majority of respondents stated that they continued
using the checklist in their own work independently of
the planned journal for publication (Nature Editorial,
2018). Another example of the impact of standards imple-
mentation was the reduction of genomic variability fol-
lowed by the implementation of a quality management
system based on ISO 9001:2015 and GIVIMP (Molina-
Ruiz et al., 2022). Molina-Ruiz et al. showed that standard-
izing cell culture conditions and implementing genomic
monitoring routinely can greatly improve genomic stabil-
ity in hiPSCs, supporting the critical role of standards im-
plementation to improve stem cell research reproduc-
ibility and quality.

To promote the adoption of best practices, the ISSCR
developed a reporting checklist along with the Standards
for Human Stem Cell Use in Research (https://www.isscr.
org/basic-research-standards). This checklist intends to
help in the preparation and assessment of manuscripts,
ensuring the inclusion of critical details related to charac-
terization, culture, experimental details, and data manage-
ment in human stem cell research.

STRATEGIES TO PROMOTE STANDARDIZATION

Identifying potential barriers to adoption of best practices
and standards can shed light on possible measures to pro-
mote and encourage their endorsement. Lessons learned
from the open science initiatives, which aim to foster a
research culture centered on transparency, openness, and
reproducibility, demonstrate that promoting the imple-
mentation of new initiatives requires a cultural shift. There-
fore, one of the main barriers to behavior change toward
adoption of standards lies in the existing research culture.
A comprehensive strategy for change has to address norms,
incentives, and policies. Following best practices and stan-
dards to ensure the rigor and reproducibility should
become the norm in the stem cell community. To achieve
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Figure 1. Conceptual representation of the R&D process of a stem cell-based method for efficacy and safety testing

hiPSCs are potentially generated from donor/patient samples in an academic research lab. After proper characterization, this new cell line
can be deposited in a biobank. In an industrial R&D context, the cell line can be used to develop an hiPSC-derived model for safety and
efficacy testing of a new therapeutic, advancing the development of novel treatments. To promote and expedite the translation process
from academic to industrial context, different standards and best practices can be applied. GCCP: Good Cell Culture Practices; hiPSC: human
induced pluripotent stem cell; ISSCR: International Society for Stem Cell Research; ISO: International Standard Organization; GIVIMP:
Good In Vitro Method Practices. Created in BioRender. Selfa, L. (2025) https://BioRender.com/n68u032.

this, limited awareness of the existing guidelines and stan-
dards should be addressed, and the examples of best prac-
tice should become visible. For example, to promote the
pre-registration of studies within the open research initia-
tives, scientific journals are adopting “badges” to acknowl-
edge compliance of authors with this practice (Kidwell
et al., 2016). Additionally, given that standards are fol-
lowed on a voluntary basis, incentives and policy interven-
tions need to take place to encourage their adoption. Open
science has been included in different funding and pub-
lishing policies (Nosek et al., 2015; European

Commission, 2021), and its practice should be rewarded
in the researcher career progression, both at the level of
awarding research grants and in recruitment processes
(European Commission, 2017; Colavizza et al., 2020).
Lastly, although implementing standards may require
increased workload and resources, it should be weighed
against the substantial time and financial losses associated
with irreproducible experiments in both academic and in-
dustrial settings (Freedman et al., 2015a). Overall, defining
strategic interventions addressing awareness, incentives,
and resources will be essential to foster a research culture
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where adherence to best practices and standards becomes
the norm, ensuring reproducible and high-quality research
outcomes in the stem cell field.

A multi-stakeholder approach to enhancing
reproducibility of stem cell research

To achieve broader adoption of standards and enhance the
reproducibility and quality of stem cell research, a multi-
faceted approach involving collaboration among different
stakeholders is essential.

Research publishers, scientific journal editors, and manu-
script reviewers can play a pivotal role in enforcing quality
and reporting standards. Journal policies may include re-
quirements for following specific guidelines or standards.
For instance, Cell Press decided to improve reporting prac-
tices by transforming the Methods section of scientific pub-
lications. In the new STAR (Structured, Transparent, Acces-
sible Reporting) Methods section, the experimental design
and materials used in the study are described in high detail
following a defined guideline, promoting transparency,
accessibility, and reproducibility (Marcus, 2016). In the
case of in vitro and cell line studies, the guideline requests
reporting of culture conditions, the sex of the cells, and in-
formation on cell authentication (if available). On
the other hand, the journal Stem Cell Research requires
the completion of a pre-submission checklist for “Lab
Resources” articles describing newly generated pluripotent
stem cells (https://www.sciencedirect.com/journal/stem-
cell-research/about/lab-resources/submit-your-lab-resource-
article). This checklist includes requirements for cell line
registration and unique cell identifier creation, cell line
authentication, mycoplasma contamination testing,
assessment of pluripotency, and genetic stability. This
aligns with the ISSCR Standards Initiative, whose reporting
practices checklist can be adopted by peer-reviewed jour-
nals to increase transparency in the reporting and imple-
mentation of best practices and key quality control mea-
sures in stem cell research (ISSCR, 2023). The journal
Stem Cell Reports conducted a 6-month trial starting on 1°*
October 2023, requiring the use of the ISSCR Standards re-
porting checklist as part of the submission process for
studies involving human stem cells. Analysis of the submis-
sions during this trial revealed that there is still room for
improvement in both the adoption and reporting of best
practices in this field. Notably, a minority of manuscripts
reported results addressing key standards criteria outlined
in the checklist (Martin Pera, personal communication).
The goal of this initial trial phase was to gather information
and assess overall authors’ compliance with the standards
in the reporting list (Pera, 2023). Other journals, such as
Development, have already expressed support for the
ISSCR Standards Initiative by encouraging authors to refer-
ence the ISSCR reporting checklist during experimental
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design and manuscript preparation (Briscoe and Brown,
2024). Although editors may fear that a mandatory require-
ment could be a deterrent to publication in a journal, the
goal of the reporting checklist is to raise awareness about
the importance of implementing standards to achieve
high-quality and reproducible research outputs in stem
cell research. Manuscript reviewers are also essential to
ensure adherence to established best practices and stan-
dards. While some journals may not enforce implementa-
tion of standards reporting checklists, peer reviewers can
request such details to help them judge if the claims of
the manuscript are supported by the quality of the biolog-
ical material or if clarification is needed to confirm the val-
idity or robustness of the research.

Research funding institutions should also consider devel-
oping and implementing new policies to foster reproduc-
ibility through standards adoption. The National Institutes
of Health (NIH) announced the Rigor and Reproducibility
policy in 2016 and revised grant application requirements
to encourage scientific integrity, public accountability,
and social responsibility in conducting research (https://
grants.nih.gov/policy-and-compliance/policy-topics/
reproducibility/guidance). A crucial component of this pol-
icy emphasizes the importance of authenticating key bio-
logical and/or chemical resources, including cell lines.
Misidentification and cross-contamination of cell line cul-
tures have been identified as significant sources of irrepro-
ducibility in biomedical sciences (Souren et al., 2022). Ad-
dressing this issue can be achieved through cell
authentication practices, which involve determining and
comparing the genetic signatures with established data-
bases to confirm identity. Short tandem repeat (STR)
profiling is the standardized method for authentication of
human cells, although other DNA sequence-based
methods, such as single-nucleotide polymorphism (SNP)
profiling, can also be used (Almeida et al., 2016). STR
authentication service provided by third parties is rela-
tively low cost, typically ranging from $65 to $200 per sam-
ple (Harbut et al., 2024). On the other hand, the European
Commission requires grantees to register their hESC and
hiPSC lines in the hPSCreg registry, attesting their ethical
provenance and biological potency and creating a unique
identifier (Kurtz et al., 2022). The impact of neglecting
authentication practices in stem cell research was high-
lighted in a study where STR testing of commercial
hiPSC-derived cardiomyocytes after completing experi-
ments revealed that one of the cell products was derived
from a human embryonic stem cell instead of an hiPSC
line (Gintant et al., 2020). By including cell identification,
authentication, and other quality control measures in
grant requirements and providing additional financial sup-
port when needed, research funding organizations can in-
crease awareness and incentivize the broader adoption of
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best practices in cell culture work. To promote the adoption
of best practices, research funding institutions could incor-
porate compliance with reporting standards checklists into
their funding renewal processes. Making continued finan-
cial support dependent on adherence to reporting stan-
dards would promote accountability, increase awareness,
and ensure consistent application of best practices
throughout the project.

Core facilities are well positioned to contribute to the
promotion of best practices and standards adoption. They
provide access to expensive, state-of-the-art technologies
and advanced skills in fields like microscopy and stem
cell culture in a cost- and time-effective manner. Core facil-
ities also generate large amounts of research resources and
data (Kos-Braun et al., 2020). In the stem cell research field,
core facilities within and across countries are uniting ef-
forts to harmonize methodologies and quality control mea-
sures, aiming to increase the overall reproducibility of the
results produced in different laboratories (CorEuStem,
www.coreustem.eu and Stem Cell COREdinates, www.
coredinates.org) (Dahéron et al., 2021). Core facilities offer
training in best cell culture practice and quality control of
hiPSC to investigators new to the field, many of whom
lack expertise in basic or applied stem cell biology. Howev-
er, most stem cell core facilities operate on a fee-for-service
business model, making it difficult to secure funding for
continuous education of core personnel in new techniques
and best practices. Funding mechanisms that specifically
support stem cell core facilities could alleviate the financial
burden and enable them to better support research and
innovation. For example, the Netherlands Organization
for Scientific Research has set a National Roadmap for
Large-Scale Research Infrastructure, which recently allo-
cated EUR13.5 million to establish hDMT INFRA StemCells
(www.hdmt.technology/2023/02/20/13-5-million-euros-
for-hdmt-infra-stemcells/). This will be a national large-
scale facility to support setting up and conducting stem
cell studies, increasing reliability through standardization
and automation, and providing hands-on training. Pro-
grams from other research fields, such as the funding call
launched by the Chan Zuckerberg Initiative to directly sup-
port the work of imaging scientists employed in imaging
core facilities at non-profit universities or research insti-
tutes across the world (https://chanzuckerberg.com/rfa/
chan-zuckerberg-initiative-imaging-scientists/), could be
translated for stem cell core facilities.

In addition to following existing best practices and
adopting quality and reporting standards, complementary
approaches may be necessary to improve reproducibility
and comparability of results across laboratories. In the field
of hiPSC research, variables such as donor-to-donor differ-
ences, genetic stability, and differentiation protocols can
significantly impact the reproducibility of the experiments

and models derived. Acknowledging this variability should
be accompanied by defining strategies to minimize it
(Volpato and Webber, 2020). Rigorous quality control mea-
sures for cell identity, genetic stability, undifferentiated
state and pluripotency assessment, and mycoplasma
testing should be implemented during the generation of
hiPSC lines, as it is done in the generation of large hiPSC
panels in reputable stem cell banks such as EBiSC (www.
ebisc.org) and WiCell (www.wicell.org) (De Sousa et al.,
2017; Huang et al., 2019; Steeg et al., 2021). The storage
and distribution of well-characterized cell lines performed
by these platforms also enable broader access to high-qual-
ity starting material and resources generated and used by
research projects worldwide.

Ultimately, education and training in all stages of
research careers are crucial for increasing awareness and
fostering adoption of best practices and standards
(Freedman et al., 2015b; Souren et al., 2022). The JRC of
the European Commission is deeply involved in several ed-
ucation and training activities, including the organization,
since 2017, of the JRC Summer School to share knowledge
and experience on human relevant cutting-edge technolo-
gies, including induced pluripotent stem cells (iPSCs),
organ-on-chip, and computational modeling (https://
joint-research-centre.ec.europa.eu/events/jrc-summer-
school-non-animal-approaches-science-2025-05-19_en).
Similarly, the European Organ-on-Chip Society
(EUROOCS) has been hosting the EUROoCS Summer
School since 2023, which offers lectures and hands-on ses-
sions on topics like stem cells, organoids, GCCP, and regu-
latory processes (https://euroocs.eu/summer-school/). As-
pects of best practices and reproducibility for emerging
technologies are covered in the training program of both
summer schools to raise awareness among early-career sci-
entists. Free online educational resources are also available
to provide support for researchers involved in in vitro test
method development interested in ensuring the quality
and reproducibility of their technologies, including
training modules on GIVIMP (https://learn.etplas.eu/
courses/eu-60/). By investing in training programs and pro-
moting a culture of reproducibility, we can collectively
improve the quality and reliability of stem cell research.

Establishing reference cell lines and databases to
enhance reproducibility

The introduction of agreed reference material provides
another opportunity to promote reproducibility. For
instance, monoclonal antibody reference standards have
been introduced to minimize the inherent variability
across different assays (WHO, 2022). However, cells are
significantly more complex than antibodies, and therefore,
standardization is challenging. There is ongoing discussion
about the utility of establishing and using reference hiPSC
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lines, also referred to as Rosetta lines. These lines are
defined as hiPSC lines commonly used across multiple lab-
oratories, enabling researchers to address experimental
variation (Volpato and Webber, 2020). One example is
WTSIi018-B-12 (KOLF2.1J), a proposed reference line
generated within the iPSC Neurodegenerative Disease
Initiative from the NIH’s Center for Alzheimer’s and
Related Dementias. Its robustness as a reference line was
demonstrated by benchmarking its differentiation poten-
tial to several cell types using 10 different protocols and
comparing to 12 other hiPSC lines in independent labora-
tories (Pantazis et al., 2022). However, it is important to
recognize that multiple reference lines will be needed to
better represent population genetic diversity, including
lines from different sexes and diverse genetic ancestries.
Furthermore, the risks of cell line cross-contamination, cul-
ture mislabeling, and emergence of genetic variants mean
that such lines must be carefully controlled and a common
source reference stock of the original cell line must be re-
tained. Nevertheless, there are further opportunities for
defining quality attributes of hiPSC-derived cells, such as
the definition of minimum cell characteristics (e.g., marker
genes, functional properties).

Creating comprehensive reference databases document-
ing cell line derivation, characterization, and experimental
conditions can further enable benchmarking and compara-
bility across studies. To create such databases, cell lines must
be associated with unique, persistent, and findable cell line
identifiers through registration linked to data in interoper-
able formats (Wells et al., 2024). A unique cell line identifier
helps researchers to gather and link all data associated with a
specific line. This allows effectively connecting the physical
cell entity to its digital representation and facilitates the
assessment of reproducibility between laboratories using
the same cell line. As biological entities are dynamic by na-
ture, their digital phenotypes are also dynamic. Their dy-
namic nature can be related to a reference point, for
example, by providing a persistent identifier to a static digi-
tal phenotype, as practiced in hPSCreg (www.hpscreg.eu). In
practice, a unique identifier is linked to a pluripotent stem
cell phenotype determined at the time of identifier registra-
tion. It is essential to monitor genetic changes in culture and
confirm that the cells are still fit for purpose. If identified ge-
netic changes are stable, the new phenotype can be regis-
tered as a subclone of a parent with a new digital identifier,
making phenotypic dynamics traceable.

Defining standard criteria for the description of cell lines
(“what” data should be recorded and registered) and
agreeing on using machine-readable metadata format
(“how” data should be recorded and registered) are critical
to provide tools for data exchange and comparison within
the stem cell community. By promoting Findable, Acces-
sible, Interoperable, and Reusable) data management prac-
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tices (Wilkinson et al., 2016), stem cell researchers can
contribute to a more open, transparent, and collaborative
research environment, ultimately enhancing the impact
and reproducibility of their work.

It is important to consider that the quality of research is
ultimately in the hands of researchers. Their awareness of
how established standards are directly relevant to their
work, along with their continued participation in ongoing
discussions about standards and best practices as these
technologies evolve, will be essential toward enhancing
and maintaining reproducibility and rigor in the stem cell
field. This is encouraged by a number of collaborative and
community-driven activities in the stem cell field
including the ISCBI (www.iscbi.org), the ISSCR (www.
isscr.org), CorEuStem (www.coreustem.eu), and Stem Cell
COREdinates (https://coredinates.org/).

CONCLUSION

Human stem cell research has the potential to revolu-
tionize preclinical and regulatory safety testing by
providing more human relevant models that can accelerate
the development of life-saving cures and protect citizens
from harmful chemicals. However, the translation poten-
tial of academic stem cell research can be hindered by the
variability and irreproducibility inherent to in vitro
research. Therefore, promoting the implementation of
quality and reporting standards needs to start at the level
of basic research and involve the collaboration and
communication among all relevant stakeholders. While
standards implementation can be deemed as costly, it is
essential to balance these costs with the benefits in terms
of robustness and reproducibility. Additionally, supporting
funding should be contemplated as a potentially additional
driver of standardization.

Overall, working on specific actions to increase aware-
ness and incentivize the implementation of best practices
and standards requires a cultural shift toward prioritizing
quality and reproducibility. To collectively work on imple-
mentation of stem cell standards, we propose the following
recommendations.

(1) Broader inclusion of quality and reporting standards
related to human stem cell research in scientific
journal policies.

(2) Establish research funder policies requiring quality
and reporting standards, such as cell line authenti-
cation, identification, and registration.

(3) Support and fund stem cell core facilities, key
players in implementing and generating standard-
ized materials and procedures.

(4) Gain community consensus on the establishment of
reference cell lines and databases for data exchange
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and comparison, and on the definition of the
different iPSC-derived cell type’s core characteris-
tics.

(5) Prioritize quality of starting material by promoting
the use of cell lines from reputable suppliers such
as stem cell biobanks.

(6) Establish and improve training programs to increase
awareness and proper implementation of existing
best practices and standards.

Proactive engagement will be key to the success of these
initiatives to collectively improve the rigor and reproduc-
ibility of stem cell research. This, in turn, will potentially
enhance the adoption of stem cell-based models and
methods and boost innovation in drug discovery and regu-
latory safety assessments.
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